Ubiquitin-mediated destruction of regulatory proteins is
Figure 1
A family of mammalian F-box proteins. Sequences of novel F-box motifs and comparison with F-box motifs in Cyclin F (Fbx1), Skp2 (Fbl1), β-TRCP1 (Fbw1a), β-TRCP2 (Fbw1b) and NFB42 (Fbx2). The alignment was performed using Clustal W 1.7. Dark gray, identical residues; light gray, similar residues; h, human; m, mouse. Fbx3 was identified from a human breast cDNA library using Skp1 as bait in a yeast two-hybrid screen. Other novel F-box sequences were obtained by performing iterative BLAST searches of the GenBank database using sequences of newly-identified F-box motifs. GenBank accession numbers are provided in the Supplementary material or can be obtained by querying GenBank at http://www.ncbi.nlm.nih.gov/genbank/query_form.html. hFbw1a (β-TRCP1) hFbw1b (β-TRCP2) hFbw2 mFbw4 mFbw5
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The Fbls comprise the largest subfamily of F-box proteins, with 12 members (Figure 2a ) that, on the basis of phylogenetic comparisons, cluster into three groups (Figure 2b ). Fbl2, Fbl5 and Fbl7 display extensive internal homology within the leucine-rich repeats and are most closely related to Grr1, which is involved in G1 cyclin ubiquitination in budding yeast [3, 6, 8, 10] , and the hypothetical F-box protein C02F5.7 in C. elegans. Other Fbl proteins display little internal similarity in their leucinerich repeats or with one another outside of the LXL motifs (in the single-letter amino-acid code, where X is any amino acid) that define this domain. Fbw2 and Fbw4 contain multiple WD-40 repeats but display no significant sequence similarities with each other or with other proteins in the database outside these motifs (Figure 2a ).
Fbw5 contains three WD-40 repeats, the first one separated by a large spacer region from the other two. Recently, mutations in Fbw4 were shown to be responsible for dactylaplasia in mice, a condition that resembles split-hand split-foot malformation-3 in humans [15] .
The Fbx subfamily are a diverse set of proteins, lacking defined protein-protein interaction domains carboxy-terminal to the F box, with the exception of the cyclin box found in Cyclin F (Figure 2a ). Nevertheless, four members displayed similarity to each other and were characterized by a carboxy-terminal motif, which we call the F-box-associated (FBA) domain, possibly representing a new protein-protein interaction motif (Figure 2a,c) . The founding member of this group is Fbx2 (NFB42), recently 
Cyclin box reported to be abundant in neurons [12] . We found three additional mammalian homologs of Fbx2: the two closely related proteins Fbx6a and Fbx6b and the more distantly related Fbx17 (Figure 2a,c) . C. elegans has two hypothetical F-box proteins (C14B1.3 and T01E8.4), which have FBAlike domains (Figure 2c and data not shown) .
The F-box motif is functionally defined as a motif that can interact with Skp1 [2] . We found that 12 randomly selected F-box proteins from all three subfamilies (Fbw2,
In summary, mammalian F-box proteins represent an expanding family of proteins and additional members are likely to emerge with time. Currently, F-box proteins are the largest class of E3 ubiquitin ligase receptors and, as many F-box proteins recognize multiple substrates, the SCF system may be able to ubiquitinate hundreds of proteins. Some F-box proteins may themselves be targeted for ubiquitination through association with the Skp1-Cul1 complex [2, 16] . Recent data suggest that other homologs of cullin proteins may be involved in ubiquitin ligase systems [9, 11] that are also combinatorial in nature. For example, the Cul2-Elongin BC complex interacts with a family of SOCS-box proteins (typified by the Suppressor of cytokine signalling-1 protein), of which there are currently 20 members [17, 18] . The identification of mammalian F-box proteins will facilitate both the elucidation of pathways that are controlled by the SCF system and the identification of particular F-box proteins that recognize known ubiquitination targets. For example, surveys of a collection of F-box proteins for interaction with ubiquitination substrates has led to the identification of β-TRCP (Fbw1a) as the mediator of IκBα and β-catenin ubiquitination [19] , and Skp2 (Fbl1) as the mediator of p27 ubiquitination [20] . Identification of targets of the family of mammalian F-box proteins reported here will be a challenge for the future.
Supplementary material
Supplementary material including figures showing alignment of leucinerich repeats, association of F-box proteins with Skp1, subcellular localization and expression patterns; GenBank accession numbers; primer sequences; and a compilation of F-box sequences from this paper and [13] is available at http://current-biology.com/supmat/supmatin.htm.
Primer sequences
hFb12: forward, 5′-TGCAGCTAGGACCATGCCAGAAACCTG-3′; reverse, 5′-GAAGACCCTGCTCCACCCAGTATAGAG-3′; hFb14: forward, 5′-GAGCAGCACCGGGTGCTTCACCAGA-3′; reverse, 5′-GAGAGCGCAGCTCATGTAAATTCTCAC-3′; hFb15: forward, 5′-CCAGTGAATTGTAATGTTGTTTCTCT-3′; reverse, 5′-TGTGGGTT-TGTTTGAATTGGCCTTCTG-3′; hFb17: forward, 5′-GAGGCA-CCAGCACACCTAATCACAGCAAAG-3′; reverse, 5′-GTCTAATCA TCTCAGTGTGTTCCCTCTTC-3′; hFb19: forward, 5′-GTCAGT-AACCAGCCCTGCAGCACAG-3′; reverse, 5′-AGAGTCCCACAG-GAGTAGGTGGAGC-3′; hFbx4: forward, 5′-CCAAGCACC-CAG-GGAATTCTGATGCATTCC-3′; reverse, 5′-GCAACTGCTTTC-ATGC-CTAACAGATCACAG-3′; hFbx7: forward, 5′-GTGATGCTCCTGC-CATCGTCAACTCAC-3′; reverse, 5′-GTCACAGAGGAACCT-TTG-GGTCATACC-3′; hFbx10: forward, 5′-GCCCAGCTTCTAGCTCCC-CAAAGCCAGGCT-3′; reverse, 5′-CACCGCCCTCCAAGCGAAGA-AAGATGCCTG-3′; mFbw2: forward, 5′-AGGAAATCAAAGAGAG-GCACCAGCTTCCTG-3′; reverse, 5′-GCATGCTGCGGTGTATGTC-AGTAAACAAGC-3′; mFbw5: forward, 5′-GAGCCATTGGAACC-TACTGGGGAAAATGGT-3′; reverse, 5′-CACAGTCCACTGCAGGC-CACTCAGTAG-3′; mFblB: forward, 5′-TGCGCGGGCTTGAGA-GAAATACACTGCTTC-3′; reverse, 5′-CAGCTCTGGACCTGAGCTA-GAGCTAGTGCG-3′; mFbxB: forward, 5′-CATCTACCTTATTGGC-CATGTGGCTGC-3′; reverse, 5′-GGATAGTTCCCAGACCAATCTAA-TGCAC-3′; mFbx15: forward, 5′-CCTGTCAAACGCCGCACAAGC-CTTCCTTCG-3′; reverse, 5′-GCCCATTATGCTTCTCTCGAAAAG-GCCATG-3′; mFbx16: forward, 5′-GAAGTGACCCCAGACTTC-AAGCGCCAG-3′; reverse, 5′-GACTAGCTAGAATCCAACTC-TCAGCTG-3′. 
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Figure S1
Composite alignment of F-box proteins. The sequences of F-box motifs reported in the paper and those by Cenciarelli et al.
[S1] were compiled and aligned using Clustal 1.7 followed by minor visual realignment. Dark gray, identical residues; light gray, similar residues; h, human; m, mouse.
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Figure S2
Alignment of leucine-rich repeat elements in several F-box proteins. The sequences were aligned using Clustal 1.7. The Cys residue at position 6 and the Ile-Thr-Asp segment beginning at position 9 are highly conserved in Fbl2, Fbl5, and Fbl7 and are characteristic of the yeast F-box protein Grr1. and Cre-mediated plasmid fusion used to place cDNAs under CMV/T7 control while simultaneously fusing coding sequences to HA epitope tag. Vectors were used for in vitro translation using the TNT system (Promega). After washing with buffers containing 0.5% NP40, proteins were separated by SDS-PAGE and visualized by autoradiography. Input corresponds to 100% of that used for in vitro binding. (b) Subcellular localization of F-box proteins. Cytomegalovirus (CMV) expression vectors expressing HA-tagged F-box proteins were transfected into 293 cells using lipofectin and, after 36 h, cells were subjected to immunofluorescence using anti-HA antibodies and detection with Texas Red-conjugated secondary antibody. Cells were stained with 4′,6-diamidino-2-phenylindole (DAPI; blue) to visualize nuclei. The majority of F-box proteins examined were localized predominantly in the cytoplasm, with a small fraction of cells (< 20%) displaying both nuclear and cytoplasmic localization (representative examples are shown). With Fbl4, Fbx3, and Fbx7, a larger percentage of the cells (60-80%) displayed both nuclear and cytoplasmic staining, with the remainder displaying exclusively cytoplasmic localization. Consistent with previous reports [S3], we found that HA-tagged Cyclin F (Fbx1), used here as a control, was largely nuclear. Similar results were observed using COS cells (data not shown). Expression of mRNAs of F-box proteins was determined by quantitative PCR unless otherwise noted. A panel of cDNAs from the indicated tissues (Clontech) was used for amplification as recommended by the supplier. Primer sets were designed such that PCR products were in the 300-500 bp range; for primer sequences, see Supplementary materials and methods. Reactions were performed in a total of 50 µl with a 30 sec denaturation (94°C) followed by 22-38 cycles of denaturation (94°C) and annealing/elongation (68°C), depending on the abundance of individual F-box protein, and aliquots from various cycles analyzed to ensure that amplification was in the linear range. PCR products for each primer set were directly sequenced to verify that they represent the appropriate cDNA. ND, not determined; -, no product detectable with 38 cycles of PCR; +, PCR product readily detectable with 30 cycles; ++, PCR product readily detectable with 22 cycles.
